Spontaneous episodes of transient cell membrane depolarization (spreading depression [SDJ) occur in the sur roundings of experimental stroke lesions and are believed to contribute to infarct growth. Diffusion-weighted imaging (DWI) is capable of detecting the water shifts from extracellu lar to intracellular space associated with SD waves and isch emia, and can make in vivo measurements of these two features on a pixel-by-pixel basis with good temporal resolution. Using continuous high speed DWI with a temporal resolution of 12 seconds over a period of 3 hours, the in vivo contribution of spontaneous SDs to the development of ischemic tissue injury was examined in 8 rats using a thromboembolic stroke model. During the observation period, the initial lesion volume in creased in 4 animals, remained unchanged in I animal, and decreased in 3 animals (most likely because of spontaneous clot
lysis). Irrespective of the lesion evolution patterns, animals demonstrated 6.5 ± 2.1 spontaneous SDs outside of the isch emic core. A time-to-peak analysis of apparent diffusion coef ficient (ADC) changes for each SD wave demonstrated multi directional propagation patterns from variable initiation sites. Maps of the time constants of ADC recovery, ret1ecting the local energy supply and cerebral blood t1ow, revealed pro longed recovery times in areas close to the ischemic core. How ever, repetitive SD episodes in the peri infarct tissue did not eventually lead to permanent ADC reductions. These results suggest that spontaneous SD waves do not necessarily contrib ute to the expansion of the ischemic lesion volume in this model. Key Words: Magnetic resonance imaging-Rat Focal cerebral ischemia-Spreading depression-Diffusion Apparent diffusion coefficient. many studies in different laboratory animals (Hossmann, 1996) . Spreading depression episodes are accompanied by marked changes in local cerebral blood flow, oxygen consumption, metabolic rate of glucose, protein synthe sis, and interstitial ion concentrations, with Na+ CL-and water flowing into the cells resulting in shrinkage of extracellular space and cellular swelling (Hossmann, 1996; Kocher, 1990; Mayevsky and Weiss, 1991; Ned ergaard and Hansen, 1993) . These changes associated with SDs can be monitored with a variety of invasive and noninvasive techniques, including DC potential measure ments (Hossmann, 1996) , functional magnetic resonance (MR) (Gardner-Medwin et aI., 1994) , magnetoencepha lography (Chen et aI., 1992) , near infrared spectroscopy (Wolf et aI., 1997) , and diffusion-weighted magnetic resonance imaging (MRI) (de Crespigny et aI., 1998; Els et a!., 1997; Hasegawa et a!., 1995; Rother et a!., 1996a,b; Takano et a!., 1996) . Diffusion-weighted imag ing (DWI) detects the water shifts from extracellular to intracellular space associated with SD episodes and a good temporal agreement between transient changes of the apparent diffusion coefficient (ADC) and DC poten tials has been reported (de Crespigny et aI., 1998) . In addition, OWl can delineate changes of the AOC within minutes after onset of cerebral ischemia, reflecting shifts of water towards the intracellular compartment as a re sult of acute energy failure (Moseley et aI., 1990 ). Thus, OWl is able to monitor changes of the AOC that are related to SO and ischemia simultaneously, and can make measurements of these two features on a pixel-by pixel basis with good temporal resolution (de Crespigny et aI., 1998; Mayevsky et aI., 1996; Rother et aI., 1996a,b; Takano et aI., 1996) .
In the intact animal brain, repetitive generation of SO is coupled to an adequate increase in blood flow and does not cause neuronal injury . In contrast, several studies indicate that spreading depression-like episodes occurring in the periinfarct re gion possibly contribute to the expansion of ischemic brain injury (Back et aI., 1996; Busch et aI., 1996; Chen et aI., 1993; Gill et aI., 1992; lijima et aI., 1992; Mies et aI., 1993; Takano et aI., 1996) . Using OWl to map the in vivo lesion growth over time in rodents, it was shown previously that externally induced SOs cause an expan sion of the ischemic lesion (Busch et aI., 1996; Takano et al., 1996) . However, externally evoked SOs in focal models of ischemia constitute an additional stress to the already ischemic tissue and may distort the natural course of infarct evolution. Although a relation between the number of spontaneous periinfarct SOs and infarct size has been reported (Chen et aI., 1993; Iijima et aI., 1992; Mies et aI., 1993; Takano et aI., 1996; Tatlisumak et aI., 1998) , this finding could simply be an epiphenom enon as larger infarcts may produce more SOs. In addi tion, results obtained with the most widely used intralu minal suture model might not be directly applicable to the human situation in which thromboembolism is the major cause of stroke. To overcome this limitation thromboembolic stroke models in animals have been proposed recently (Busch et al.. 1997; Zhang et aI., 1997) .
The aim of the current study was to examine the in vivo contribution of spontaneous SOs to the development of focal brain ischemia using continuous high speed dif fusion MRI over a period of 3 hours after thromboem bolic stroke in rats. A preliminary report of this research has been presented previously (de Crespigny et aI., 1999) .
MATERIALS AND METHODS

Animal preparation and experimental protocol
All procedures were approved by the Administrative Panel on Laboratory Animal Care of the authors' institution. Focal cerebral ischemia was introduced in 9 adult male Sprague Dawley rats weighing 260 to 280 g. All animals were initially anesthetized with 3% halothane in a mixture of air (80'1l.o) supplemented with oxygen (20%) through a passive tlow face mask. Anesthesia was maintained with 0.75% to 1.5% halo-thane throughout surgery and imaging. Hemt rate and SaOz were continuously monitored by a pulse oxymeter. Body tem perature was maintained at 37°C ± 0.5°C by means of a warm air circulation system and measured using a rectal probe. The right femoral vessels were cannulated with PE-50 tubing for continuous blood pressure monitoring, to obtain arterial samples for blood gas analysis, and for fluid substitution. Blood pressure was recorded continuously by a Macintosh computer data acquisition system (MacLab, CB Sciences, Dover, NH, U.S.A.).
In all animals, thromboembolic stroke was induced by intra carotid injection of fibrin-rich autologous clots as described in detail previously (Busch et aI., 1997 (Busch et aI., , 1998 . Briefly, all branches of the right common carotid and external carotid ar tery were isolated and ligated. The internal carotid artery then was isolated and its extracranial branch, the pterygopalatine artery, was ligated close to its origin. A I-m-long PE 50 tube containing 12 to 14 autologous blood clots was introduced into the transected lumen of the internal carotid artery and emboli zation was performed inside the magnet.
Fibrin-rich autologous blood clots were prepared 4 hours before the experiments by injecting 0.6 mL arterial blood with 0.15 mL thrombin (I mg/mL) into PE 50 tubes. After approxi mately I hour, the clots were removed from the tubes and rinsed thoroughly with saline. Under the operating microscope, fibrin-rich segments were chosen and cut into clots 1.5 mm in length. Subsequently, 12 to 14 of these clots were suspended in a solution of albumin and phosphate-buffered saline (I mg/mL) and injected onto a I-m-long PE 50 tube.
Magnetic resonance imaging
Magnetic resonance experiments were performed on a 2.0 T GE CSI system (Bruker, Fremont, CA, U.S.A.) using a spin echo echoplanar imaging technique with the following param eters: echo time (TE) = 50 milliseconds. repetition time (TR) = 3 seconds, field of view = 40 mm, 2 mm slice thickness, 64 x 64 matrix. Rats were immobilized in a stereotactic holder that was positioned in an animal cradle. For all studies, a homemade transmit and receive surface coil 2.5 cm in diameter was used. Three contiguous axial slices (parallel to the surface coil) cov ered the rat brain, with the pulse flip angle optimized separately for each slice. For each slice, three spin echo diffusion weighted images were acquired (8 = 10 milliseconds, � = 13 milliseconds, with b-values of 0 s/mm 2 and 1300 s/mm 2 re peated twice) followed by a gradient echo (GE) image (TE = 40 milliseconds). This sequence of 4 images for each slice was repeated continuously before and for 3 hours after emboliza tion. In I animal, images were acquired up to 6 hours after embolization. Magnetic resonance protocol began with a high resolution spin echo diffusion examination to screen for ani mals with preocclusion ischemia. Blood clots were injected approximately 15 minutes after the start of the serial diffusion weighted imaging.
Data analysis
Data were transferred to an off-line Sun Ultra 10 workstation (Sun Microsystems, Mountain View, CA, U.S.A.) for postpro cessing with the use of MRVision image display software (MRVision. Menlo Park, CA, U.S.A.). Diffusion-weighted data were processed to generate 900 ADC maps for each slice with a temporal resolution of 12 seconds (Latour et aI., 1994) . To determine the lesion volume of the ADC maps for each slice on a pixel-by-pixel basis, data were interpolated to 128 x 128 pixels and the ADC values normalized to the preembolization baseline value. Two thresholds were chosen for the purpose of defining the region of ADC decrease. A threshold of 75% of baseline was chosen to delineate critically ischemic areas, be cause this is approximately the ADC change shown to corre spond to severe tissue acidosis (Hoehn-Berlage et a!., 1995a,b) and the 2,3,5-triphenyltetrazolium chloride staining (TTC) de fined lesion extent (Dardzinski et a!., 1993) , A higher threshold of 85% of baseline was selected to give greater sensitivity to small ADC changes, especially SDs (although transient ADC changes close to the lesion were of comparable size to the ADC drop in the core, transients far from the core and at the edge of the brain were smaller, possibly because of partial volume ef fects), For each threshold value, the area of ADC decrease was calculated on each slice and at each of the 900 time points using an automated region-growing algorithm that was built into the display software. Lesion volumes were calculated by multiply ing the areas by the slice thickness and summing over three slices.
To visualize the characteristics of the periinfarct SO waves, a model function describing the shape of the transient was fitted to the ADC time course for each SD episode. The model chosen was a simple mathematical description of the observed ADC transients during SD and consisted of the back-to-back expo nential function described below:
where TTP is the time point of the greatest ADC change (that is, the time-to-peak), Tdee and Tree are the time exponential ti me constants for the decay and recovery part of the transient, and c is a constant. This function was fitted to the serial AOC maps for each SD episode using a nonlinear least squares mini mization algorithm, and parametric maps of the time-to-peak (TTP) and the rate of ADC recovery (Tree) were generated for each slice. Time-to-peak maps give a graphical representation of how each SD wave propagates in three dimensions over the brain and can be used to determine the initiation site of each wave. The ADC recovery rate is directly related to the rate of repolarization after SD and is thus dependent upon the local energy supply and cerebral blood flow (Mies, 1997; Rother et a!., 1996b) .
In a separate analysis of the transient ADC waveforms, a series of 5 to 6 square nonoverlapping regions of interest (ROIs) (2 x 2 pixels) were manually defined, ranging from the ischemic core towards the periphery on a representative slice for each animal. The ischemic core was defined as the area showing an ADC decrease without recovery after the initial SD episode. For each ROI, the ADC changes were plotted as a function of time and mean, and SD values of the total depo larization time (defined as the sum of the decay and recovery time of the transient ADC wave) for each SD episode was determined.
Gradient echo data were processed by normalizing signal changes to the preembolization baseline and plotting the rela tive signal change for core and periinfarct ROIs over the time course. Signal loss in GE images occurs during ischemia (de Crespigny et aI., 1992) because of increased deoxyhemoglobin concentration (the blood oxygen level-dependent [BOLD] ef fect). A transient signal increase in GE images occurs during SD in nonnal brain as a result of a transient cerebral blood tlow (CBF) increase (Gardner-Medwin et a!., 1994).
Data are given as means ± SD. Changes in lesion volumes were tested using a paired t-test statistic. Linear regression analysis was used to correlate the lesion volumes of the ADC maps with the total number of spontaneous SDs. P < 0.05 was accepted as significant.
RESULTS
Physiology
Physiologic parameters remained within the normal physiologic range throughout the experiments: mean ar terial blood pressure, 97 ± 8; pH, 7.37 ± 0.07; Paco2, 44 ± 5 mm Hg; Pao2, 131 ± 25 mm Hg.
Evolution of apparent diffusion coefficient-defined lesions
Because of technical problems with the MRI data ac quisition, one rat was excluded from further analysis. Immediately after clot injection, all animals showed ar eas with variable ADC declines and the extent of the initial lesion on the ADC maps varied from 99 mm 3 to 237 mm 3 . Over the observation period of 3 hours, the initial lesion volume increased from 172 ± 69 mm 3 to 238 ± 64 mm 3 in 4 animals (P < 0.05), decreased from 103 ± 26 mm 3 to 19 ± 18 mm 3 in 3 animals (P = 0.06), and remained unchanged in 1 animal (107 mm 3 ). The decreasing lesion sizes in three animals most likely re t1ects spontaneous clot lysis.
A representative example of the quantitative evolution of the ADC-defined lesion in one rat with permanent ischemia is shown in Fig. I . Using the more sensitive high ADC threshold of 85% of control, nine spontaneous SD waves can be clearly detected by the transient in crease in the lesion size ( Fig. lA) . Using an ADC thresh old of 75% of control, the initial ischemic lesion in creased from 180 mm 3 to 268 mm 3 within the observa tion period of 2.5 hours after injection of the clots (Fig  I B) . Serial changes of the ADC-defined lesion in one animal with transient ischemia is illustrated in Fig. 2 . Initial ADC changes recovered almost completely after 1 hour and despite decreasing lesion, 6 SDs (some of which have merged together) can be seen.
In one rat, the evolution of the ischemic lesion and the occurrence of spontaneous SDs were monitored for 6 hours after embolization (Fig. 3 ). In this animal, 6 SD episodes occurred after embolization and the infarct size suddenly decreased after approximately I hour. How ever, there was a renewed and steady increase of the ischemic lesion after 2 hours, almost reaching the initial size after 6 hours.
Periinfarct depolarizations
No SDs were observed before induction of thrombo embolic stroke and an initial SD could be seen in all animals within minutes after injection of the clots. All animals showed transient spreading ADC declines out side of the ischemic core, which were strictly confined to the ipsilateral hemisphere and limited to the cortex. Waves of decreased ADC originated at the border of the core and traveled towards the normal surrounding tissue. The number and frequency of distributions of these spon taneous SDs (including the initial postocclusion SD epi sode) for all rats is summarized in Table 1 . The total the lesion size increased from 180 mm3 after the initial spreading depression to 268 mm3 at the end of the observation period, number of SDs was variable across animals, ranging from 3 to 9 over the 3-hour observation period. Fre quency of the spontaneous SDs was greatest in the first hour after thromboembolism and decreased with time thereafter. For all animals, the number of SDs was nei ther correlated with the extent of the initial ADC-defined lesion volume (r = 0.1; P = 0.8), nor with the lesion volume after 3 hours (r = 0.1; P = 0.8), A subanalysis of the four animals with increasing lesion sizes revealed similar results,
Analysis of spreading depression characteristics
Maps of the time-to-peak (TTP) ADC declines were used to delineate the origin site (with short TTP) and propagation pattern (with increasing TTP) of SD waves. In Fig. 4 (same animal as in Fig, 1) , TTP maps demon strate the propagation pattern of nine consecutive SDs in a rat with permanent ischemia away from the initiation sites. In this animal, the SD waves originated from two different parts of the infarct (arrows on the highest and lowest slices) and spread multidirectionally into the sur rounding periinfarct tissue. Notably, the ischemic lesion primarily increased in areas showing no transient ADC changes (double arrows in Fig. 1 ).
Time-to-peak ADC decline maps for a representative animal with transient ischemia are depicted in Fig. 5 (same animal as in Fig, 2) . A single origin of six SD waves can be seen, Although no detectable lesion exists after the fourth SD episode, subsequent SD waves did not propagate into the initial ischemic field.
Against the background of recent observations show ing increasing depolarization times after several SD epi sodes with eventual terminal depolarization (Dijkhuizen et aI., 1999; Graf et aI., 1995) , the authors determined the ADC recovery times of each SD wave on a pixel-by pixel basis. Because the recovery times of SD transients reflects the tissue perfusion deficit (Mies, 1997; Rother et aI., 1996b) and restriction of energy availability will lengthen the recovery time, this analysis indirectly as sesses the aggravating effect of SDs on the ischemic injury. Maps of the time constants of ADC recovery for 350 \ _ .. In accordance with previous observations of prolonged SD episodes in regions with impaired tissue perfusion (Mies, 1997; Rother et aI., 1996b) , the recov ery times were prolonged in areas close to the initial ischemic field (bright pixels on images) in both animals. However, increasing recovery times with each SD epi sode and a subsequent increase in lesion size cannot be seen (Fig. 6 ). In the animal with transient ischemia, re covery times reveal a more homogenous distribution af ter the lesion disappeared (see Fig. 7 , 5th and 6th SD episode).
Region of interest analysis
To further quantify the durations of the ADC tran sients, an ROI analysis was performed to determine the total depolarization time (minutes) for each SD episode and animal individually (Fig. 8 ). According to Neder- gaard and Hansen (1993) , transient depolarizations in the peri infarct tissue can be divided into ischemic depolar izations (with depolarization times of 10 ± 5 minutes) and into spreading depression-like depolarizations (with depolarization times of 5 ± 3 minutes). Although these two categories of depolarizations were not differentiated in this analysis, the arrows in Fig. 8 indicated that some SD episodes had longer total depolarization times than others and were possibly analogous to ischemic depolar izations. These long SD episodes could be detected in all periinfarct ROIs and seemed to occur in a random fashion.
In ROI 1 areas, which corresponded to the initial isch emic core, no SDs could be observed throughout the entire observation period. Adjacent to the ischemic core the ROIs had variable total depolarization times, varying from 1.0 to 8.2 minutes. For all animals, the total depo larization times were longer in ROI 2 (located adjacent to the ischemic core) than in nonischemic tissue (ROI 6). The depolarization times in ROIs 2 to 5 did not differ significantly between animals with permanent or tran sient lesions (P = 0.8). Average depolarization times for the first 4 SDs in all animals are summarized in Table 2 . There was no trend towards increasing depolarization times with each SD episode in the ROI analysis, which is in agreement with the pixel-by-pixel maps of the recov ery times.
Blood oxygen level-dependent data
A rapid signal drop of approximately 10% in the core of the infarct was observed in the GE images immedi ately upon embolization because of rapid blood deoxy genation upon CBF decrease. In most animals, however, subsequent GE images suffered from signal drift and FIG. 4. Maps of the times-to-peak apparent diffusion coefficient (AOC) declines (dark = early; bright = late, grayscale from 90 to 300 seconds) for all 9 spreading depression (SO) episodes and AOC maps of the final lesion after 3 hours in an animal with permanent ischemia. Origin sites of each SO wave (dotted arrows) and lesion volumes before each episode are delineated. Spreading depression waves originate from two different parts of the infarct (on the highest and lowest slices) and spread multidirectionally into the periinfarct surrounding. There is no spread of SOs into the ischemic core. The ischemic lesion mainly increased in areas not showing transient AOC changes (solid arrows).
FIG. 5.
Maps of the times-to-peak apparent diffusion coefficient (AOC) declines (dark = early; bright = late, grayscale from 90 to 300 seconds) for all 6 spreading depression (SO) episodes and AOC maps of the maximal lesion in an animal with transient ischemia. One origin site for all SO waves (arrows) and lesion volumes before each episode are delineated. Note the lack of propagation of SO waves into the initial ischemic field. Fig. 4) . Lesion volumes before each episode are delineated. Recovery times are prolonged in areas close to the ischemic core (bright pixels on images), however, increasing recovery times with each SO episode and a subsequent increase in lesion size cannot be seen. magnetic susceptibility distortions over the 3-hour imag ing period, which made precise evaluation of the BOLD effects impractical. Nevertheless, some qualitative obser vations could be made on the data. Most ADC transients in the peri infarct tissue close to the ischemic core were accompanied by a transient 5% decrease in the GE signal over approximately the same duration as the ADC change, although noise in the data precluded an exact measurement of the length of the BOLD-SD transient. However, in ROIs distant from the infarct core, a tran sient increase in GE signal was often observed accom panying the SD waves.
DISCUSSION
In the current study the authors used continuous high speed multi slice diffusion MRI to simultaneously moni tor the evolution of focal ischemic lesions and the oc currence of spontaneous SD waves in a thromboembolic stroke model. In addition, the in vivo contribution of SDs to the expansion of the ischemic lesion volume was as sessed. Within minutes after injection of the autologous blood clots, variable ADC declines and regions of isch emia could be found in all animals, supporting the notion that DWI is highly sensitive to slowing water proton translations early in the ischemic episode (Moseley et aI., 1990 ). In the current study, a threshold ADC value of J Cere" Blood Flow Metab, Vol. 20, No. 12, 2000 75% of control was used to delineate critically ischemic areas and to determine the lesion sizes on the ADC maps. This threshold was within the range used in previous studies (Beaulieu et aI., 1998; Takano et aI., 1996) and seemed appropriate in animals with permanent ischemia, A high correlation between the ADC-defined lesion vol umes and histology after 24 hours has been reported (Takano et aI., 1996) . In contrast, recent evidence has accumulated suggesting that acute ADC reversal does not always predict tissue recovery from ischemic injury (Li et aI., 1999; Zarow et aI., 1995) , In fact, there is no single threshold of early ADC reduction that is consis tently associated with ischemic injury after temporary middle cerebral artery occlusion, indicating that DWI may not be useful in quantitatively predicting postreper fusion outcome based on only the magnitude of the ADC reduction (Mancuso et aI., 1997) . Using sequential DWI imaging, van Lookeren Campagne et al. (1999) and Zarow et al. (1995) could demonstrate the recurrence of ADC-defined lesion volumes during reperfusion after brief focal ischemia. Confirming these observations the authors found a secondary increase of the ischemic le sion in I animal monitored over a period of 6 hours, possibly corresponding to delayed ischemic damage. Consequently, the authors cannot comment on the ulti mate ischemic lesion sizes in the animals with transient Fig. 5 ). Lesion volumes before each episode are delineated. Recovery times are prolonged in areas close to the initial ischemic field (bright pixels on images). Recovery times reveal a more homogenous distribution after the lesion disappears (5th and 6th SO episode).
ischemia. Even though the authors monitored only I ani mal over a period of 6 hours, the advantages of high speed diffusion MR for studying the phenomenon of de layed ischemic injury in vivo is evident and should be exploited in future studies.
The information obtained from BOLD MRI regarding cerebral blood flow, volume, and oxygenation may be a valuable complement to the information available from DWI, and some interesting qualitative conclusions may be derived from the BOLD data. The drop in GE signal upon embolization was consistent with previous obser vations in this model (de Crespigny et aI., 1993) and was primarily because of rapid blood deoxygenation. In intact rat brain, deliberately initiated SD episodes result in tran sient increases in the GE signal (Gardner-Medwin et aI., 1994) because of transient CBF increases during repo larization. This effect was also observed in pixels far from the infarct core, as the SD waves spread into un involved cerebral tissue. Closer to the infarct, however, the authors observed negative BOLD transients during SD. This suggests that closer to the ischemic core, the microvasculature is already at maximum dilation and therefore unable to further increase CBF. Thus, SD waves in this periinfarct tissue cause a transient increase in deoxyhemoglobin concentration (causing a GE signal decrease) resulting from increased oxygen extraction during repolarization. However, even though the vascu lature is unable to increase flow in response to the in creased energy demand of repolarization, this energy de mand was never sufficient to cause permanent depolar ization over the time course of this study.
Besides mapping ischemic tissue changes, DWI is ca pable of detecting water shifts from extracellular to in tracellular compartments that are associated with SDs, reflecting a shrinkage of the extracellular space because of disturbance of ion homeostasis. Although the authors did not perform concomitant electrophysiologic record ings in this study, a tight spatio-temporal relation be tween changes in the ADC and DC potential was estab lished recently (de Crespigny et aI., 1998; Takano et aI., 1996) , indicating that serial DWI can be used to detect SDs noninvasively.
In agreement with previous studies using different models of focal brain ischemia, the authors demonstrated that several episodes of transient ADC declines indica tive of SD occur in the peri infarct zone within the first hours after thromboembolic stroke (Back et aI., 1994; Dietrich et aI., 1994; Gill et aI., 1992; Hasegawa et aI., 1995; Hossmann, 1996; Iijima et aI., 1992) . Similarly, a higher frequency of SDs within the first hours of isch emia has been reported (Dietrich et aI., 1994; Dijkhuizen et aI., 1999; Hossmann, 1996) . A probable source of these periinfarct SDs is the infarct core from which po tassium and glutamate are released into the extracellular space of the penumbral tissue at flow values less than 20 mL 100 g-I min-I (Astrup et aI., 1977; Hansen and Ne dergaard, 1988; Marrannes et aI., 1988) . Because cortical depolarization can only spread to tissue still able to cope with the increased metabolic requirements of repolariza tion, no SDs were detected in the ischemic core through out the observation period. In addition, SO waves did not propagate into the initial ischemic core in those animals with reversed ADC reductions, possibly because of per sistent functional tissue impairment. In the intact animal, SO waves are associated with an increased metabolic rate of glucose (Shinohara et aI., 1979) , which is coupled to a similar rise in blood flow (Kocher, 1990; Mayevsky and Weiss, 1991) . In contrast, periinfarct depolarizations are not accompanied by brief phases of hyperperfusion and there is a paradoxical decrease in tissue oxygenation leading to repeated episodes of hypoxia during periin farct DC shifts, which has been thought to contribute to the expansion of ischemic brain injury. Indeed, a signifi cant relation between the number of SDs and the size of experimental stroke volumes has been reported in nu merous studies (Back et aI., 1996; Busch et aI., 1996; Chen et aI., 1993; Gill et aI., 1992; Hossmann, 1996; Iijima et aI., 1992; Mies et aI., 1993; Takano et aI., 1996) . Although only a small number of animals with highly variable final DWI-defined lesions were studied, the au thors found no correlation between the number of SDs and the initial and final DWI-defined lesion volumes for all animals. Although this finding could also be attribut able to the uncertainty of the final infarct size in the animals with transient ischemia, similar results have been reported recently in studies using the intraluminal suture model, DC potential recordings, and histology af ter 24 hours (Back et aI., 1996; Dijkhuizen et aI., 1999) . Together with these observations, the current study in dicated that the mere finding of a positive correlation between the number of SDs and ischemic lesion volume does not provide rigorous evidence for a pathogenic role of SDs. Despite the fact that suppression of SDs with neuroprotective agents such as MK-801 or hypothermia and subsequent reduced infarct sizes has been demon strated convincingly (Chen et aI., 1993; Gill et aI., 1992; Iijima et aI., 1992; Mies et aI., 1994; Tatlisumak et aI., 1998) , the therapeutic effects of these substances or in terventions could theoretically be mediated by other pro tective mechanisms.
Besides solely monitoring the occurrence and fre quency of periinfarct SD waves, DWI can also be useful to assess the in vivo contribution of SDs to the expansion of the ischemic lesion. Moreover, the origin and propa gation of SD-coupled ADC changes can be evaluated on a pixel-by-pixel basis. The current results show that SD waves originate from different parts of critically isch emic regions and spread multidirectionally into the peri infarct surrounding. The multidirectional spread of SD waves limits their reliable detection with single or even multielectrode DC potential recordings, which are usu ally positioned on the skull or cortical surface. Consistent with previous studies, SD waves did not propagate into the contralateral hemisphere (Rother et aI., 1 996a,b) .
Because the restoration of the changes in ion homeo stasis after transient SDs is an energy requiring process (Kocher, 1990; Mayevsky and Weiss, 1991; Nedergaard and Astrup, 1986; Shinohara et al., 1979) , it is likely that the duration of the SD-coupled ADC changes reflects the severity of the perfusion deficits (Mies, 1997; Rother et aI., 1 996b ). This interpretation is in line with the obser vations of Rother et aI. (l996b) , who correlated the du ration of the SD-coupled ADC changes in various ROls with the corresponding CBF and observed an inverse relation. Although the authors did not measure perfusion in the current study, the recovery times or the total de polarization times of the SD episodes were prolonged in areas close to the ischemic core, which was consistent with the general concept of reduced perfusion and energy substrates in the periinfarct tissue. Thus, the application of continuous high speed DWI also has the potential to indirectly assess the functional state of the penumbra in vivo.
Recently, it has been suggested that the aggravating effect of SDs on the ischemic injury is reflected by in creasing depolarization times with subsequent SD epi sodes, which may eventually become terminal depolar ization (Hossmann, 1996) . However, results obtained with DC potential recordings alone should be interpreted with great care because the in vivo evolution of ischemic lesions is not known. In fact, the three-dimensional analysis of the recovery times on a pixel-by-pixel basis did not show that repetitive spontaneous SDs in the peri infarct tissue eventually lead to permanent depolarization.
However, the in vivo contribution of SD waves has been the subject of two recent comprehensive examina tions (Busch et aI., 1996; Takano et a!., 1996) . Using DWI, Busch et al. (1996) and Takano et a!. (1996) have shown that induction of SDs in the rat brain after focal ischemia promoted the expansion of the infarct in vivo. However, a direct comparison with the current results is hampered by the fact that externally evoked SDs in focal models of ischemia possibly constitute a more severe additional stress to the already ischemic tissue than in ternally evoked SDs and may distort the natural course of infarct evolution. Furthermore, differences in the models of middle cerebral artery occlusion have to be consid ered. In contrast to the intraluminal suture model used in the studies of Busch et a!. (1996) and Takano et a!. (1996) , thromboembolic occlusion of the middle cerebral artery may be associated with a higher residual blood flow in the surroundings of the infarct. This could puta tively improve the relation between energy supply and energy demands of the periinfarct tissue, lead to a faster recovery of the metabolic state after transient depolar izations, and account for the absent increase in lesion volume in one animal. Although it is also perceivable that the actual size of the tissue at risk might differ be tween these two stroke models, lesion growth mainly occurred in areas without transient ADC changes, which does not support the notion of a definite role of SD waves after thromboembolic stroke. Clarifying these controver sies may be of utmost importance because many clinical trials with neuroprotective agents have been partially based on the relation between reducing SDs and infarct volume in animal models of ischemia (Gill et aI., 1992; Iijima et aI., 1992) . In addition, this study hopefully will fuel the search for the occurrence and pathophysiologic role of SD episodes in humans. Rapid DWI has become readily available for the application in humans and opens a new field of noninvasive monitoring of physiologic processes.
